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PREFACE 

Authority for this study is contained in eighth indorsement dated 

21 April 1955 from the Office, Chief of Engineers, to a letter dated 

28 July 1954 fror, the Engineer Research and Development Laboratories, 

subject, "Request for Project, 'Plastic-Glass Fiber Reinforcercent for 

Reinforced and Prestressed Concrete.'" 

This report vas prepared under the supervision of Mr, Thomas B. 

Kennedy, Chief, Concrete Division, by Mr.JBryant-Wather, Chief, Special 

Investigations Branch, Concrete Division, Waterways Experiment Station, 

assisted by Mr. R. V. Tye. 

The assistance of the following is greatly appreciated: Mr. Frank 

M. Hellinger, Director, Ohi River Division Laboratories, who made avail- 

able a report prepared at his request by Professors N. M. Nevmark and 

C. P. Siess of the University of Illinois; Mr. Ray B. Crepps, Director, 

Testing Division, Ovens-Corning Fiberglas Corporation, Newark, Ohio; 

Professor Norman J- Sollenberger, School of Engineering, Princeton 

University, Princeton, New Jersey; and Mr. Perry H. Peterson, Director, 

Materials Division, Research Department, U. S. Naval Civil Engineering 

Research and Evaluation Laboratory, Port Hueneme, California. 

r;m;iiriliS1iiatttt"MiMiiiWWrt1ifftiirti 
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SYNOPSIS 

Gl-j.zc  has been produced that has a tensile strength of more than 

5,C00;CCÜ psi. Glass normally has a modulus of elasticity of 5,000,000 

to 10,000,000 psi. Cold-dravn sxeel wire has an ultimate tensile strength 

of 200,000 to 300,000 psi and a modulus of elasticity of about 30,000,000 

psi. Cc.-.sideration of the use of glass reinforcing in concrete originated 

in I'-:-opc in about 1930 with studies of the possible use of strip glass 

as a substitute for steel. This work is reviewed but it is probably not 

directly relevant to current problems. In 1951, Rubinsky began studies 

of glass fibers as prestressing elements. A considerable amount of work 

has been done but little has been published. This work is reviewed. 

The development of glass-fiber reinforced plastics as structural mate- 

rials for a wide variety of applications has provided much useful back- 

ground on the combinations and compositions of glass and plastic that 

may be employed. Glass-fiber reinforced plastic rods have been used as 

prestressing in experimental concrete beams. The current estimated cost 

of such reds is about four times that of steel per pound but since they 

weigh only a third or a quarter as much as steel per unit volume and have 

about twice the ultimate strength, they may be regarded as potentially 

more economical. Additional experimental work along lines that can now 

be described should provide the necessary background to permit the 

specification of glass-fiber reinforced plastic units as an alternate 

to steel in prestressed concrete construction. 

MM^MMIUMW UMnn miiHimiv1 ' "' , ^-H.--T.--iiT.-f raümiüaJüfaajato1   .. 
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PL.'\STIC-GLASS FIBER RSiri?ORCS:-S;'/T FOR 
REKFORCFD Mid PRFS^RFSSFD CONCRETE 

SUI:-I-\RY OF II;FOR:^TION AVAILABIJ: I JULY 1055 

P/aRT I: INTRODUCTION 

1. Significant developments in the use of zluss-fiher  reinforced 

plastics su^jcoted the desirability of a revic/ of research aj-.d devclop- 

r.ent vork on the use of this material for reinforced and prestresscd con- 

crete, and an evaluation of the properties of plastic-glass fiber mate- 

rials in ■cerms of the requirements for tencioning elements or reinforce- 

ment in prestressed concrete members. The results of this review and 

evaluation arc presented in this report. 

2. Consideration of the use of glass as reinforcing in concrete 

appears to have originated in Europe in about 1930. Tue earliest refer- 

ences to glass reinforcement given in the bibliography compiled by 
r-i j. 66'A'    J  ,,    ,  , ,-,    20,21,22  „„   ,  _,,    ^ 
Slate   tire to the vork 01 Craemer '  '  . Tne only other rcferer.ee 

prior to 19^0 is to Goldstoin-Bolocan . Tnese papers have net been 

examined; consequently, this review begins with material published in 

19'*0. Rubinsky  states that he first become interested in glass fibers 

as tension resistant material in 191o but did not consider the applica- 

tion to reinforced concrete until 19^0, 

3. The applications reviev/ed involve four classes of glass- 

concrete systems: 

a. Solid-glass members as reinforcement. 

b. Fiber-gloss members as reinforcement. 

c. Solid-glass members as prestrcss:ng. 

K. Ts.o vork of Scden, Lincoln, and Marshall16'17'1Ö'15'30j31;3l; 

concerns the use of solid-glass members as conventional reinforcement. 

The Jackson patent Is said (Rubinsky ') to cover the substitution of fiber 

* Raised numbers refer to the Bibliography at the end of this report. 

^s^sa^ate. rariir^ —-"-—^ MliiMlliii - 
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Clajs Tor ateel in reinforced concrete. No references to the use of 

solid-class neribers for prestressing have been found. The most promising 

application appears to be the use of fiber-class members in westressing. 

Rubinsky -*  sxates that the use of fiber glass instead of steel as simple 

reinforcement in concrote is not feasible because of the low modulus of 

elasticity of glass. 
70 

5. Stainer1  has noted that the Corps of Engineers "has been 

particularly ready to realize the advantages of prestressed concrete con- 

struction" and calls attention to the design begun in 1951 of the pre- 

stressed spillway bridge at Garrison Dam, the second largest prestressed 

concrete structure in the United States; and the 2l6-ft prestressed con- 

crete bridge over the Chesapeake and Ohio Canal at Little Falls, Maryland, 

which will be the longest concrete girder span in the United States. 
32 

6. It is stated in the magazine Engineering  for 17 June 1955 

ihat: 

"From the engineering point of view possibly the most signifi- 

cant development in the plastics industry within the last two years is 

the increasing application of glass-fibre reinforced plastics as struc- 

tural materials." 

ivtM. -. .^^ .A..«^.,.^lKA*J.-L.^..,-u^al.a 
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?/^2 II:     STFlIP-GLASS REII^ORCZI-EI-fT 

7-    A series of test, on the use of class strips ac roinforccr.cnt 
in concrete vas reported in Irland in the Tall of 1^0 

So far 
1? known, the first report was in Civil Sngineerinj] for August 19^-0 ; and 

stated that the successful use of class in place of steel as reinforce- 

r.ent for concrete had been announced. The research had been initiated 

at the outbreah of war but the results indicate that class reinforcenent 

r.ay be of use on its own merit and not merely as a wartime substitute. 

The tests were conducted by A. W. Sodcn and J. A. Lincoln, and the re- 

sults were submitted to E. K. Paisley of the Borough of Kensincton for 

consideration in connection with the construction of concrete air-raid 

shelters. Independent tests were subsequently made at the City and Guilds 

College Structural Laboratory. The technical data given by this account 

include the following: 

"The results of these tests have shown that slabs of glass- 

reinforced concrete would carry four times the maximum load required by 

the Home Office for street and other air-raid shelters. 

"In reinforced concrete beams steel rods are embodied in the 

lower edge to take the whole of the tension which is equal to the compres- 

sion taken by approximately the top third of the concrete. The remaining 

two-thirds of the concrete is mechanically wasted as regards load-bearing 

and merely acts as a binding agent and shear. It has been found, accord- 

ing to the report of the investigators, that by substituting glass re- 

inforcement for steel the neutral axis is lowered and more concrete is 

brought into play for compression. And as the glass cross-sectional area 

is three times as much as steel, little concrete is wasted. 

"The glass reinforcement so far need is in strips 5/l6  in. 

thick, the depth being half the depth of the beam which it is to reinforce. 

An important feature is that one edge of the glass is not cut but is the 

fire-finished edge, known as the selvedge, in the state in which it comes 
from the process. 

"For reinforcement requirements, it is stated, polishing and 

refining weaken the glass, and the cut edge is incapable of taking strain. 

Mi^iijMiit^yliM^aiiatuiitfdB^^^ H^MjggpjHägl 
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3.V PXa ,n o i r, n- the strips in the bec-ra or slab so that the cut edce is 

at the neutral axis and the selvedse lowermost, the stress taken by the 

2lass; althouch only half that of rod form is practically and scientifi- 

cally balanced. In this form also, wear does not need to be provided for. 

"In the early stages there are, of course, certain disadvantages, 

notably the present limit in span and a lower impact load. The present 

application is mainJy concerned with the problem of surface air-raid 

shelters and here the difficulty is easily overcome by a number of methods. 

Finally, there is the absence of yield before failure. These disadvan- 

tages revealed by initial tests will be subjected jto_further research. 

1. Position of Neutral Line 

In calculating proportions to be adopted in cross sec- 

tion the limiting stresses which can be allowed in the top and bottom of 

the section are used to give the proper position for the neutral line. 

The data assumed for concrete and glass are as follows: 

Young's Modulus: - 

Concrete - 2,000,000 lb./sq. in. 

Glass - 10,000,000 lb./sq.. in. 

Limiting Safe Stresses: - 

Concrete - 600 lb./sq. in. (in compression) 

Glass - 2,500 lb./sq. in. (in tension, fire- 
finished surface) 

In a beam of depth din., the neutral line will be at 

a depth from the tep euch that when the compression in the top layer in- 

troduces a compressive itrecs 600 in that layer, the tensile stress in 

the botc.:.; layer will be C-,p00. Since glass has a Young's Modulus five 

times that of concrete, the relative compression and extension to give 

these curesses will be proportional to 500 and 2,500/5, i.e., 600 and 

500. This compression and the corresponding extension are proportional 

to the distances of the upper and lower surfaces of the beam from the 

neutral lin^, consequently if the full depth of the beam is represented 

by 11, the compression zone  (from the top down to the neutral line) will 

be represented by 6, and the tension zone (from the neutral line to the 

bottom of the beam, is of depth 5. 

i. .■...--,^-4,, 1ilirtli«i'iiP-^kt;^^':i,IJ*A'k^'^^iJ^^-  -.  _. - *_ iniMrBiMiiiii nlirtft 
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crcUzh ^ the  Utt-  Iv   .. 
;iO    ic^i£>''..ciC   Vf   ^v    ftÄ 

'-- lui.wi, '.io j.^;'. u.t c.; »„juc iuc-,',?^ 

tenciens in the ^I^ua, :.0. ..^ ^x ^ ^ 

■5b - 125y, or 
.,« i.,i.;ii s. 'M-^  V.^.; JA i;->'c. 

i/t'^ 

u: 

■* u^« v;iu. ccr u.c -:A,S.S Äic.f, 
Tho stresses will be balanced,  thörc.'or«,   ^.i1 

tion is only 0.265 tlccrs uho •-•idtis cf tivc cc^crcvc    3f,4.- cöJtA'cÄ;^*»»^ ix 
vail be taken that    y = 0.3b. 

3.    r;.r--es;cd Cr^r^ — ciun. 

construction would bo to construct the fccaa of unifars era SO Siecvica 

throughout; the upper hair beinr. solid csr.crc'.c &Äd the Icv-er hs-iT Wi^J 

nade with vertical strips oi" ^lass crbcucicd in tho eorxrffW a' d-SstiÄCi«* 

such that the separation between the strips 1ä 2-1/3 '•-■"•« U.iCA.-.«?s cf 

each strip. The vertical dir.ensions oi" the .itripa •"*cul4 bo »ai ^iVs 

equal to the half-depth of the bear.:, this VwU-d be üdc uj) tl,iÄv;f^ a 

small 'cover' for the under ed^es or the ßlzzcos. 

It would be of sone advantage to allcj1 tho ßlasa to 

penetrate a little way above the neutra1 line so as to encure tho 10? 

(cut) edge being in compression. 

■ llllHlilMlllllllllWnrittilttt^^ 1  i.-ii i.riifi'llitilil Jiiil.i .Tuiiiim  -' — — .^fc 
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I:' w-.o ^vrcü-oü r.crosa i in. of ti'.c ccctior. are con- 

üicei-eü. re cbtair. "^i.e linivir.^; bc;xur-c nor.cr.t; it n-.Uot be aj3u:ned thct 

the do^tli or -chc c^--^-i' "-= -^~c; value d inol'.oo, including the 'cover' 

of concrete o^ the underside celc; the ßlac^. 

Then ecuivaient force (cor:preGcion) in concrete = 

1/2 cOO x  od - i50d .      -he effective line of action of this force is 

„t z depth l/6d celow the top surface,   i.e.  at a distance l/2d above the 

neutral level. 

Equivalent force (tension) in ßlass - 1/2 2,500 x 

5-      3 
12   ' 10 

('The 3/l0 factor cor:QS in because the glass occupies only 3/10 the full 

vidth of the Girder, the rest being concrete of no tensile strength.) 

So equivalent force in glass      156.5d. 

The discrepancy between this value and 150d is due to 

taking the strip as occupying 3/10 the width instead of 36/125; both 

values vail be takei. as 150d. 

Table I 

Details of Reinforcement of Specimens 

Specis 
No. 

en 
Cross Section 

2 12 in.  x k-l/2 in. 

-;2 i„.   v h-l/o in. 

Length Be inforcement 

ix,.  o in. 

in.  x U-.1/2 in.    k it. o m. 

10 strips at 1-l/S-in.   centres 

6 strips at 2-in.  centres 
1. 

7 

6 

7 

12 in. x t-1/2 in. K ft. 6 in. 6 strips at 2-in.  centres 

12 in.  x k-l/2 in. h ft. o in. 10 strips at l-l/8-in.  centres 

12 in.  x 4-1/2 in. 2 ft. 3 in. 10 strips at 1-1/3-in.   centres 

12 in. x k—l/2 in. 2 ft. 3 in. 6 strips at 2-in.  centres 

aaaBHiiiimatiaü ;w.;M^^4ii^fiaiirttJtf»'--iiriiM1i''i1ririii"1^' ...^..„.fc. »j**^***»****** 
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Table II 

Rogultg_ on Bendir.r, Tost 

fc-oc_;.:3u 

orac.-c    railure 
la./in.^ lb./in. 

56,500 6i,-,eoo 

5o,500 61,800 

3^500 ^5; 300 

^•3,300 45,100 

57,000 63,600 

Dasicn I-Iorr.eut 
(Solon) 

* lb./{~ 

26,700 

26,700 

16,000 

16,000 

26,700 

*    Dij 

Factor of Safet aaicöy 

2.^3 

2.31 

2.S3 

2.82 

2.38 

^sions of bending moment should be stated as:    lb.-in. 
Ed. 

(-,      Effectively the force in the glass acts at a distance 
of -^ x — belou the neutral line. 

The total bending Eioment is thus equal to: 

15Cd x (~ + j?)d lb./in. 

or ^OxH^lb./in. 

If d is 6 in. thi is gives:- 

Totai B..M. per in. „^ = i50 x | x 36 lb./ln. . 3, ,300 lb./in. 

Eor a beam 1 ft. vide limiting 3.M. 39,600 lb./in. 

+  . A Girder f0r A-R-?- shelters must be canable of vith- 
s ancung a unifonn static load of ^0 lb. per s.. ft. (in addition to 
its cm veight). 

The maximum bending moment due to a distri ributed load 

.i2 

f
0: tdTt5". Sq' ft' V0Uld ^ GiVSn ^ ^ Vhere ^ ^ ^e load per sq. x.. end 1 tne length of the span. 

For a 4 ft. 6 in. span this gives:- 



ptysp/l^m^iy,^ 

MoxixuLn "bendinG monent 

 S lt)./io. 

= ^-^ lb./ft.  = -^ x 9,112 lb./in. 

= 13,668 lb./in. 

The weight of the girder itself would be about 90 lb. 

per ft.  run if the depth '..'ere 6 in.;  consequently the total bending 

moment would be about 13,668 + 2,73^ lb./in..,  or say l6;500 lb./in. 

According to these calculations, therefore, a girder 

constructed as suggested in Section 3 would be more than twice as strong 

as is necessary according to the A.R.P.  Specification (revised code) for 
shelter roofs. 

If the depth of the girder were reduced to 5 in., keep- 

ing the proportions the sane,  the limiting bending moment would be re- 

duced to 27,5C0 lb./in.    Reduction to k in.   (too thin for A.R.P.   Speci- 

fication) would still give a limiting bending moment of 17,600 lb./in. 

which would be more than sufficient to withstand the load specified. 

Allowing for the reduced weight of the girder rccelf, 

the bending moment would be about 15,500 lb./in. in this case. 

A 6-in.  steel-reinforced concrete girder with centre 

of reinforcement 5 in. from the underside would give values as follows:- 

Force in concrete ~ 600 x  .36d = 103d. 

Ifean line of action is   .12d below top of girder. 

r.rce in steel is also 103d,  or should be,  and it acts 
at a distance d from the top. 

Maximum bending moment is thus 103d x  .SSd = lOS x 6cd2. 

For a 6-in.   girder,  the effective value of d is 5 in., 
so: 

laximu-.: bending moment for 6-in.  girder 

— luo X   .CO x 25 

= 950.^ x 25 

= 2,375 lb.  in. per in. width. 

= 23,400 lb.   in. per ft. width. 

.^^E^^^jiimt^i,^^ 
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"This i;teel rcinrcrced Girder would be approxi-v—tcly 72 pcr 

cent stronger then is necessary tc carry the U50 lb. lead per sq. ft. 

The 6-in.  class-reinforced cirder;  on the other hand, would be lUO UQT 

cent stronger than necessary. 

"The concrete used throughout the tests which were carried out 

at the City and Guilds College Laboratories under the direction of V.'.  J. 

Marshall;  \:as a 1:2:3 -.ix of rapid hardening Portland ccraent, \,'ell-Gradcd 

clean river sand and 5/ -in. ballast,  except for specinen 5, where a l/h- 

in. ballast usca icr concrete between the iss strip; A wetter 

nix was used for the lower part of the  cear.s to facilitate  consolidation. 

"The class reinforcenent was supplied by Pilkincton Brothers, 

Ltd.,  and consisted of strips averacinc ?/lo in.  thick by 2-l/k in.  deep. 

Details of the specimens are given in Table I. 

"In each case the class was placed vertically with the bevelled 

edce flush with the underside of the slab.    Test cubes were also made to 

Cive the crushir.c strencth of the concrete used.    The specimens were in 

all cases tested after seven days. 

"The tests carried out were of two types (a) bending,  and (b) 

impact. 

"The bending test was carried out on specimens 1 to 5 in a 

Riehle test machine.    The beams were supported at if-ft.  center, plywood 

strips bcinc placed over the knife edges to eliminate local crushing on 

the £la.sz.    Point leads were applied at a distance of 15 in. from each 

support. 

"The resul bhe tests are summarized in Table II, 

"Deflection readings taken during the test showed no appreciable 

deflection at one-third of the failing load and at about 60 per cent of 

the failing load the deflection was 0.02 in. Failure came suddenly and 

was of the type usually obtained with brittle materials: on reaching the 

maximum load complete collapse occurred as distinct from ordinary rein- 

forced concrete, where complete collapse does not occur until some time 

aföer the maximum load has been reached. 

"The impact tests were carried out by dropping a l6-lb. weight 

from various heights on to the specimen which was supported at 1 ft.. 9 in. 

■ii^inmlrMfTmfi jt^mMA^m^w.^;^^^^ 
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cen^i-c-J on a piaster of Paris 'bed 1 in. wide.    The results of the tests 

voi-a as follov.-s:- 

gnecijüen I'lo.   6.- Ball dropped from 6 ft. height caused 

slight cracking on some of the glass strips; on again dropping the hall 

fros the height very appreciable cracking of the glass occurred, the 

upper surface of the concrete vas not daaaged. 

Probably ultimate xomentum absorbed 112 ft./lb.* 

Specimen Ko.  ?.- Ball dropped fron h ft. height had no ef- 

fect;  ball dropped from 6 ft. height caused complete failure. 

"Probably ultimate momentum absorbed 68 ft./lb.-;<' 

"It is realized that those tests as they stand have little 

valuej  due to lack of figures for an ordinary reinforced concrete slab 

under similar conditions,  but a summary of certain impact tests on re- 

inforced concrete may provide useful comparison. 

"A concrete slab 2-1/2 in. thick reinforced with  .09^ sq.  in. 

of steel and supported at 2 ft. 6 in.' centres absorbed ihh ft. lb.* of 

momentum and showed failure by crushing of the concrete at the point of 

impact and spalling-off on the underside. 

"The crushing tests on the concrete cubes gave an ultimate 

strength in direct compression of 3;920 lb./sq.  in. 

"The report on the tests concludes that the factor of safety 

for specimens 3 and k is comparable with ordinary reinforced concrete- 

under similar tests, that for specimens 1, 2 and 5 is somewhat lower. 

The safe moment was based on the values given by Soden.    The impact ■costs 

compare unfavorably with ordinary reinforced concrete.    Marshall's recom- 

mendations are that for static loading of such an intensity that the re- 

inforcement need not be placed closer than 2 in. centres,  glass provides 

a good substitute for steel.    In cases, however, where there is any 

likelihood of impact loading it should not be used." 

8.    Additional results were presented by a subsecuent account in 

October 19^0    •• 

"Further research has been carried out with a view to increasing 

*    Should be ft.-lb./sec Ed. 

riiiiT.iirriiiriTir^ilwMHiaiililiii-iMiiitiiiiiitiii» •■iiTi.rl-iir--iHtiitHiif -•——^^■^^^"^^»•^^^-■^^M^*a«*t-■--■-■": 
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...".c T)0;:^ ..>_IJ ,   c.... ._ cr ■.~   CÜ 

c ji..;.-.._ ^. • -•   c....(.- c^v-;;".  limited by ccc.-.c;;y, 

dw Uw 1c*   -J c   'JZ'C ■ C ' ^ 

Lid l*.~~r cjvd  ir.-r.c&t^o 

rrwö.    Ti.c  g-^-n.- i, dc- 

c-jc  ^cd  ^;;c driv^üci 

^;:c Cl^ccvcry c.     -"^::-;'C    c,^---cc jive*  -c^,.;::; or o-^-^ rcir.- 

r.Cv cor.cluiivi.-  :■..',  W.'J.- ij.t   U'Jü'd.ivC d^äccvcrici  -f ^.^c.^x.:.-"' l::vc-i;^.a- 

tior. i- v;.^^   _^ .r.--'..v~ ^c  wi-  „ r.ov i.-.i v.J.-   .'.c.1.   *cr d.Livery -:ul rc- 

^carc'.. 

"/•_.—r  Vi    ._ v^rc   c-rr.c»  *..',  by .„-.  '•■'.  V.  M-r-hi-l  ^;i his 

1 /•: 

... ,:c..-.:-._ :^r"w.;,:^  ct.^ 
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j:-;*":   cT  the   be«:;  IC   i\.; -..".■.tc   c^;.-^* '-. w»r.. 

..".  ci^,;  cv.cei^.v;.  u};c   ^,v.;:u   :.i:'„^;; vcrc   "jla^Qw   vcrllc^lly,   l.';e   TSrc- 

• •r.-.c.'.c^ c^vic   wc^.;;;  ^-.^'.e;;  ./Z-in.  cove of  cor.crctc  w."« it« ur-d-orfild^. 
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"Dc-tails of the specimens are given in Table I. 

Toctj- The objects of the tests were as follows: 

1. To determine the resistance moment of 12 in. x 7 

in. and 9-1/2 in. :•: h-l/2  in. sections. 

2. To determine the grip length or 'lap' required for 

Glass reinforcer.ent. 

Z-    Ts disi;:: a cozir.  of long span usin- sao: 

The specimens '-.'arc in all cases tested in bending., the 

tests teinc carried cut in a Riehle test machine. 

For specimens 1 to 10 the test was carried out on a 6-ft 

span, and Tor specimens 11 and 12 on a ^-ft  span, the loads being applied 

a": the third points in each case. Specimen 13 was tested on a l6-ft span, 

the leads being applied at 5 i't. 6 in. from each support. 

Duri'-g the test the deflection at the centre of the span 

vas measured by a h'ercer dial and from these readings the modulus of 

elasticity of z'r.c  material './as calculated. 

Dealing firstly with specimens without lap where the object 

of the tests •..•as as given under heading (l) above, the res-alts can be 

sumnari::ed as in Table II. 

The failure occurred in all cases by tension and was of the 

type associated with brittle materials. In most cases a preliminary 

crack occurred at about 90 per cent of the failing load. 

The del .'.ection readings taken gave an average value for the 

modulus of elasticity cf 3o x 10 lb. per sq. in. which is approximately 

the same as that f~r plain concrete. 

To carry out a comnlete series of tests to determine the 

bend bev./ocr. glass and concrete and the distribution of bond stress over 

the depth cl the section was beyond the scope of the present series and 

the following simple method was used to determine the grip length required 

for a,glass strip 5-7/Q 1-- deep. The beams 6 to 10 were made with short 

strips cf glass of the lengths stated in Table I , thus giving laps vary- 

ing frcn 1 ft. 6 in. to 2 ft. Specimens h  and 5 Gav<3 the strength of a 

team using continuous reinforcement and by comparing the strength of the 

i^Mt....^u*^^,-i/i^,wvmmiitimiiHi) Ik'-i&M^teii'ite^ »ttmääämmmi 
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Lr.e t'.-.c t::r.o-^nt  of l^p rjcuirc 

,..,.„.•^,.,     ..-  '„■-„'•  -..020 bc^r.'.j it ■..-- possible tc deter- 

".„^   i,..x: u very ir.-wc^-^.v. netnei o: 

£-j,-..".ü-tcd ih^t it provj.di.j  cc;--  ui:c.-ul 

■..•-i-.:. 

— ri"=d I- "--1^ -11  "J--'-'1 

inTor^iticn ^G a pivludo to iui 
rl''.\c i'ccdltc oj the tc-'o; 

t'.-.ut 2 ft.  ■..■e.s  3ui-.."iciw:".t. l:.p »or  the 
'■".-■ '..v'1-.  r,i.v.llc.r to the  othor bct^a tested,   i.e.  a 

^r. Cv.ch CJLZC at the end 

;s  UC^-1  xV.   Lr.C-i. 

The i'a.i-ure \;. 

tencien Tailuro,  the fracture  Liec.lon occurr 

oi  the lap. 
TJ'.c dciMccclr.r. readia^s cavc t-'--  "-:-c value  for the codulus 

of elaatici-y a^ for the unlappcd reinforcement. 

■rhe final problem in t'rJ.c eerie ■ ^f tents vas TO use lapped 

; dioi-nin- u loam of lene span uslr.e cn^y ^lass strips 

>-■■''■--"C"c•■-.'.'-•.".-  tc r.utci.   the bending 

2 ft.  it was found p^sible to keep the 

i a  L.a;:. of  span l6 ft. 

fees "unan ^w * «-.   _^..L. 

moment dia^ra:^ and usin^ a lap of 

n^ximuir. length cf rcinforcen.cnt 9 it.   6  in 

The b.:.n failed at a load of 0,1^0 lb.  by a tension craci: 

15 in.  fro:.; th,.-  ce.rcre of span.     This  corresponds to a senainj r.-nent of 

2c9;CCO in-Z-b.,  'n.c ac-cnt i:uhcn by a simiDarly reinforced  section 

(Specimens  1 and 3)  uPchout; lops \.-ac  103,000  in./lt.,  thus  Givi"2 a ratio 

of O.95 bea-zeen tho   f-s str-...L,-diS. 

This v...;. \'^s very satisfactory as it shoved that the value 

of 2 ft.   v-aher.  fcr  t'.o   .0,;   .;. ^he design cf the beam ^zss  satisfactory. 

..:.._. ■-..,.- It !.-~ already been stated in the previous 

^n ij-crou^p'; :u.'>i  ee^..c. ..jiu   ^_,^-wi^)k should 
tests carried out  for tne .■...:.c.njv- 

.z reir.10rc.aent •..•hen  impact loads .re lih-'ly but  these  test 

that for  static lending C^ss mahes a 
be UL,ea 

st.; coni„rm tne lact previous—y 

suit_ble  reirtforcement fir concrete.     The  feature  cf the  test has been 

the censister.-r/ of the behavior of the -ateriai,  only one  reject result 

havinc been obtained in the vhole  series. 

... _. _ _.-^—  . .—, , ^.^  
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Table I 

f-< v ■USE Section 
S^eci-e. of Concrete Le ngth Reinforcement 

J. 12 in x 7 in. 0 ft. 1* in. 7 strips, 5-7/S in. deep, 6 ft. Ic/.v; 
■-1 12 ir. x 7 in. o ft. h   in. 7 stripe j 5-7/8 in. cieep, 6 ft. io.v. 

3 12 i:i x 7 in. 0 ft. h  in. 7 strips, 5-7/8 in. deep, 6 ft. lor.;: 
1 12 in x 7 in. 0 ft. k  in. 1+ strips, 5-7/6 in. deep, C ft. lor.c 

5 12 in x 7 ir.. 0 ft. k  in. 1+ strips. 5-7/3 in. deep, 6 r t. lone 
ü 12 in. x 7 in. o ft. h  in. 3 strips. 5-7/3 in. deep, '. ft. long, 

with central lap of 2 ft. 
■v 12 ir*. x 7 in. 0 ft. h  in. 
6 12 in. x 7 in. 6 ft. h  in. S strips. 5-7/8 in. deep, 3 ft. 10-1/_- In. 

long, with central lap of 1 ft. 9 In. 
9 12 in. ■< 7 in. 6 ft. k  in. 
10 12 i p. x 7 in- 6 ft. 4 in. 8 strips. 5-7/8 in. deep, 3 ft. 9 m. 

long, with central lap of 1 ^ t. 6 In. 
11 9-1/2 in. x 4-1/2 in. 9 ft. k  in. k strips, 4-1/2 in. deep, 9 ft. long 
12 9-1/2 in. x 4-1/2 in. 9 ft. 4 in. 
13 12 in. x S in. 16 ft . 6 in. See sketch 

Table  T.T 

bpecimen 
Failing Load 

1 25,290 lb. 
2 19,C60 lb.* 

23,900 lb. 
Av. 21,600 lb. 

1, 15,360 lb. 

5 17,900 lb. 
Av. 16,660 lb. 

11 5,560 lb. 
12 5,330 lb. 

nV. 5,450 lb. 

B.  M.   at Failure 

199,000 in./lb. 

Design Moment 
(Soden) 

283,000 in./lb.t 91,500 in./lb.t 

52,300 in./lb. 

93,200 in./lb. 33,000 in./lb. 

ractor o: 
Safety 

3.15 

v.01 

2.9t 

*    Reject result. 
■f    Dimension of bending moment should be stated as:     lb.-in. Ed. 

Table III 

B.  K.   at Failure 
Ratio Stren/rth 

Strength  of Unlapped 

l6,ü70 lb. 
15,010 lb. 
16,340 lb. 
13,970 lb. 
15,"70 lb. 
1M,720 lb. 
11,070 lb. 

196,000 in./lb. 

176,500 in./lb. 
132,000 in./lb. 

O.985 

0.886 
0.666 

imifiiiiiiiiiiiiiiiinint AiiMMfiiMMiiiril 
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:?c?. o:- 5.'J'ZTY 

"Ap-rt, frca ir.-'iiilLty to resist l.tr-act t;;c r.ain criticism to 

._*   -;.c rc-.r.i^rcCwOut is the value or the safe resistance ^o^cnt 

.c factor of cafety based or. this noccnt varied 

Tre.; L'o -0 -•",  in the present scries it varied 
• -   -.   ( c- • ^-.>        . • • C     -..--■■-.- in the present tests vas probably due 

■■f   ■ /-■. ....   •.>*.1.. 

cr-fcly cr ihc crtcr -T 1,.    'J..-::- ;c::*^crcc^ concrete:   12 u.o:"i:;itcly 

iri'.i.'c r^icr;^ ^^ vc   ^;.c  'Jvc   Iw /actor 0.* :;.ü.."c,y v:;lc:'. Mr. Scdcr.'s 

vaj.'uc c; 

to be- ca, 

tests c '-■. 

have c.-l; 

thorough 

9- 
1:1,0  and the inrorr;atlon vas u.lßo ^vtx^rlroU  ;:; ü'^ver r..*.- 

^U^-^-Äi^ii^ 
i^üi^ÄJii«^ 



'••.■■■■ ■ "--■'■ •- i^vfmvqpNi*iii^«*ii««i9HPwnp««w.<«ip^»»ii-VMJiiviPiiJ^ 

was placed en the report^ r-i^-- -...^ - -  -, 
, j *      -'■J   —^—' oA Lhe possibility they 

scemea to offer of reducir- r.ater-11- -h,. -..  - 

was reported that the bendinr of the 
e concrete to the class wa s excellent. 

rn^mu.» n-iMiiiM-i'ifM. ...min ^j^Mtatumtmuuämm 
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III:     FIBIIR-GLASS REItlFORCEIfflJIT 

VJork of Rubinsky 

1J.    Prior to 1951 references to glass reinforcement primarily con- 

corr.öd ^olid ^la^o rods and strips.    The first consideration of rlciss 

:V~C:-J appearc to have been by Professor Ivan A. Rubinsky.    Evidently 

the  first account of his -,/ork that was published in the United Statcc 

ecord^    for 1 March 1951, and stated in part: 

■s all over the world are now well aware of the many 

benefits of prestressed concrete.    But in many countries,  they cannot 

tnhe advantage of this material because of the lack of high-strength 

czci.1 for prestressir-G-     In these  - as well as in other parts of the 

world - cnGinccrs may fine substitution of glass cords or strands for 

steel woi:. worth vhilc. 

"This is the  suggestion of Ivan A.  Rubinsky,  associate profes- 

sor of engineering and physics at the American University, Beirut, 

Lebanon.    lie is at present  in the United States on a visit. 

"Prsfessor Rubinsky points out that the raw materials for mak- 

ing gl^ss - ^-..v: silica sand or borosilicates  - can be found practica.lly 

cnywhere erJ   .:. •..;.limited quantities.    Manufacturing processes are avail- 

hole for fsm.::.g glass fibers, which can be made into cords or strands. 

And only a o;..all ranntity of this material is required relative to steel - 

for u prestrcss beam,  perhaps one to two per cent of the weight of ordinary 

reinforc'.r.g steel in an equivalent reinforced concrete beam. 

"Clcss fibers have practically no plasticity.    They retain 

their elastic properties until they break.    Thus,  residual strains are 

nearly nonexistent. 

"Other advantages of this material,   according to Professor 

Rubinsky,  are high resistance to acids and alkalies and ability to with- 

stand high temperatures.    Thus,   concrete prestressed with glass fibers 

MC aid be more fireproof than ordinary reinforced concrete and immune to 

the  corrosive action  of  sea water and many chemicals. 

"Furthermore, the professor says,  the low modulus of 

^■itiima-.waar^^  ' —- —■*-*-; 
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elasticity of zlo-cs  cords (cV.cut 6;0C0_,0CO psi) is an advantage, ''.'ith 

TircGtrc^ced co:.crc:te_, the lever the modulus of elasticity of the pres^rejs- 

ir.3 clc:.-.ont; the si?.aller vill be Iocs of prestress due to chrinl:a^e; tem- 

perature chaa^e and plastic flov of concrete. 

"It is a veil established fact that glass fibers have rreat 

tensile scren^th. Professor Rubinshy notes that strengths us hi^h as 

5;200^000 psi have been reported for silica fibers 0.C0012 in. in diar.eter. 

He e:q:ects, hovever; due to uneven distribution of stress; the strencth 

of cords r.ade of su-.h fibers Mill be considerably less than the sun of 

the stronjths of individual fibers. Nevei-cheless, ultimate strength 

values above "_;COO;C00 psi can be anticipated. Hence, the aaount of 

■;lass fiber required for prestressing is about cne-foui-th the volume of 

£25;C30-psi cold- irav/n steel wire, and one-fourteenth the vcight. 

"The problem of introducing glass into prestressed concrete 

construction, hoyevc it single. One cca"olication is that the ten- 

sile strength of glass fibers decreased vith increasing diar.eter. Also, 

the effect of irregularities and crachs r.ust be tahen into account. 

"'These defects nay e:-r)lain the variation in strength vith 

and hence, the greater the possibility of a higher average ultimate stress. 

It is also possible to suppose that when a fiber is forned, defects are 

elongated parallel OO  L..'J axis of the fiber. The finer the fiber, then 

the r.ore elongated the defects. This elongation cf defects, especially 

of those on the surface, r;.ay reduce local stresses and so increase 

"Another physi :al property affecting the use of glass fiber 

in prestressed concrete is the difference in strength between dry fibers 

and vet ones. 3:cperi:.-.ents have shewn that strength nay increase 2-5 to 

k  t^nes --.a vacutun, that is, when absorbed rr.oisture is completely elim- 

inated. One explanation for failures at relatively low values in humid 

atmospheres is that surface crachs and defects in the fibers are filled 

with silica gels. Tnese swell when exposed to humility, setting t in- 

ternal stresses and decreasing the strength of the fibers. 

"Another problem that designers of glass-fiber prestressed 

i'liiiiiiTi -i,ir:Miiiiifiiitffci"'iiiimf tMUitlM simmmmmmtmiiimmkiim 
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cor.ci'O'oe \.rouid er.ccv.r.öor Iz t':'\z:t cC cbtc.lr.iriZ c-cucl dij^ri^ution of ^tr^cc 

C-V.or." ribji'.'G oi" '_i curc.-.d. ci* core.    ^X'^om'.icn'tij r,C-vo  rjj'.c.T. t.;io.o  U.".'J  ctrcn^vfl 

Co       -- '   f .-•      ^ -,   — ■_c  ov-_-r j0]o loco then the   GU::. O_' th. or 

to ?.ach cf placticity oi' u-le: 

/e a hi^h ciTective  -trencth. 

for fir.dir.r: the -nrcr-.c-r 

SxHO   CJ.    CCl*J.C    ^w    Oc   u* 

:cr.c. U..'w     —^O oC. 

;^ ur.rou-n  bor.ü o: 

vnlcn 

^ . ^^ . c. 

c„„r^ cor^j: 

ui -r. o.-.ar.j.c- ir. curvature- to avoid 

inir.ur.". allc^;_Jlc; radius oi" curva- 

->^rcr."rtr"« o* ccacr*. - - > t <J~ ..i... it r^ zzo'. -,.. u he 

end oi" the- cord vculd be anchored 

ccrde and cord di. tor. 

"To ap-.ly the pre, 

to "^.ne' cencre-te.  e-.en tn.e ccra v/oudd LS  vcur.a er.to a continuous ^r^ove 

under calculate.'! tension, rinallyj the second end should be anchored to 

the concrete. 

",■'. vcrd of caution is necessary, hc/ever. As the cord is wound 

.•-■• r.c r.e.T.Ler c.eiorr.s 

c» o -i-^ ">-.—\'1 -' ov 

L;.-    W ^- C 

ippllea.    Tr.is tenos to ce- 

laycrs pieced fir^t.    Fortunately,  as Professor 

•into cut,  ths n.oduius oi" elasticity of class cord is small, 

so that the loss of stress is almost negligible and can be easily taken 

into account in design calculations if desired. 

"For countries that import steel or do not have sufficient 

quantities of it,  rcplecer.ont of steel by glass offers tremendous econ- 

omies, Professor Hubinshy concludes.    Especially since natural supplies 

of silica for making glass are available practically everywhere." 

11.    In August 1951 Rubinsky prepared a report of his work at 

Princeton.    This report has not been published, but a copy was loaned for 

.examination by the USI-'CERF Laboratory.    The report  includes a review of 

1 

HIH    i-    —      ■..:.......-^.^,.l^ ^..^^...^„.»It.i^Wt^ —  II---■■ '--- ««ruriilMlnr----"'-— 
..: -.^_J..-.^,l^-,-..-..i...„-...,;T...^:.».-^>« 
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■-•-  or --;.c  c:.;:..-ri.T.o;-t-  cor.Jucccd .^in.,:.y 
-i- ;l     Gi    j.1; i^-j :o;;cl^ lor.:;   ^. 

•a  : io>:- 

cc;.cro'c»;, 

vit; 

.;.■-   CJJ..; covoivd by  the  ror.or'i- ccr.üiöted o.' tcr.u.lc 

.^■„h cl^tc.'.r.ir.a^.cr.j  c^ various  £;lccü-i'ibor cpeci.T.inc,,   crcerj ^ujtSj 

^:.VJ_ ^Ij..t-cn 01' Jw.tic .'c.^iju^;   the cfj'cet of vul^r c:.a  uli:a- 

ter jl —-;   tcca cT ti-.c  L.C;:C bc-tve-un the fiber ßlacs  und the 

ar.- .'ir.ally the ::..hl::j und T;ecti:-.^ cf f./o h^n...^.    One of the 

p-oczvccscc. vrith flter-jlasi  rcJ^  a:;d t;:e other  .;ojtctrccced 
-^l^co  ccrdc. 

-J. 

itu 
. o loving conclusions based on his expor- 

pretcnsicr.ir.j by direc 

.. -,    , ., r.    -i r    —'• -,    -^■:' --,-,.- , -" absence of creeo.  both 
't-^ :P "^ :n ^f  riber-class polyester reels,   ^he 
---r.al is perfectly clastic and brittle.    These proper- 

1 £ o     -,-,,-, ^ . öies ere ce 

One o 
rtain difficulties in 

f the r^csx ir.portant phencr.en; 

anchorage problerrs. 

±j;ic-iiü.T.cna encountered in con- 
necöion vit'n the material tested vas that of static 

iati^ue. Static fatigue varies vith the porcentace of the 
ultii-ate tensile or flexural stresses to which the sa^-le 
-s suj.iec JCC ^v Apparently the values of the ultimate 
stresses have to be alvays determined for certain rates 
of loading. 

"The 'Bow Method' flexural test vas developed curing the 
experiments to eliminate to a great degree all except the 
flexural stresses. Thus it can be used successfully both 

mate strength and for determining the 

g- 

for finding the ulti     0„, „^ u.^ UC;OCJ 

static fatigue characteristics of the material. 

"Cordage bonded by Geon plastics loses its strength con- 
siderably under the action of alkalies found in cement 
and even under the action of plain vater, 

"The type manufactured by Sportsmen Accessories., Inc., ap- 
pears to be a strong material as the glass fibers in it 
developed a strength of 200.,000 psi; hovever, the effects 
of alkalies and water have not yet been investigated. 

"In concrete prestressed vith fiber-glass rods., bond depends 
on the rotghness of the surface., the diameter of the rod,, 
and the amount of prestress applied to the rod. 

*^..^..^..^.^,.^.^^<—M,^^-,-I..T j rni",r«;lr-^'-~--^" -.^^^ mimt^Mmil^mimumMSaaat^iii^immämuiitmi^afiM 
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 w "^ 

i.r..i.cyco   i-i.tj ^..i.—; o„ 
^r. 

i-» * u J    .^_«w^^«^^   ... ^.wi o   ..Uu    wO   L;—^ c./cJ "uo cevclo' 

- rcfercuccc to the v/orl: Ir.iticttcc. by hin 

-^ «^o..  _. . :-     .,■-,--    r.--.--,.    -•..,-    -■••..    ■■o->   •■>''•    r>'- --■'■'--■o '    hv   '.'■"      I-'       '■? 

.kCt...«.    .".cK..^•.'—'ju^r..—i.^-L   ..'w_,« r.".—cio to -Ji**r.cc""cor. ur-^vc-"^ —ty ci^d to UT* 

?,cy Z. Crcpr.:3 .""or per-.c^ion to use cer;air. photographs.    l.vLo accour.t 

i.-cludci ti'.c -'cllo'..'i:ij: 

"CTl.e hl^h cost and shortage or ahsence of Gcr:e building r.atc- 

riaic; together witn the alr.cst ur.iversal shortaje of houcing; have led 

rr.any to ir.itlatc research in cheaper and co"~.0;ier substitutes to tradi- 

buildir.;; materials.    Steel, vhich is every./herc- in snort supply 

and in -any countries is not produced at all_,   is one of the r.ost costly 

a::d cost important building materials. 

of steel dui'in^ and after the Second World War 

the develcn.r.ent of prestresscd concrete.    This 

This saor-i 

vac tne itajcr inpulsc to t.: 

cevcloprr.ent vould be still -ore valuable, hcv/ever, if it vcre possible 

to substitute for the steel a material vhich could be produced everywhere. 

Glass, in the for;:; of fibre-class, roay provide the solution. 

"The purpose of this article is to provoke interest in the pos- 

oibiliöy of usin£ fibre-class, and to inspire further research into the 

problems entailed, as veil as suggesting lines for future experimental 

vork. 

"Attempts have been made to substitute fibre-glass for steel 

in reinforced concrete (Jackson patent), but all such efforts are doomed 

to failure because of the low modulus of elasticity of glass compared vith 

that of stiel; as the elastic modulus of glass is only about twice that 

of concrete, very little of the tensile stress will be transmitted from 

the concrete to the glass reinforcement, while the difference in strength 

between the fibre-glass and the concrete is very large. 

"In prestressed concrete, however, conditions are very different. 

.....^-^w....-.^ 
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hijliect ozv^ri-or^^l vj.iuj c^ 5.2 >: 10° Ib/cq.   in. Tor inccd cilicor.-v 
i. 
*-r 

iiorcG oi j-— ~._crcr.c ciic-v.ctc" is ^ivcn oy AciLinov^. . 

courcej reach theci valuer ox" tensile strength, tut considercbie progress 

is beir.2 ~ade. ?cr c;:ar^_e; a type of fibre-jlass nanufactured by z.-.z 

Cv.-er.s-Cornir.j jiccrglas Corporation for the reii-forcci.-.ent of plastics 

possesses an average strength of 270,000 lb/so. in. according to their 

official stater.ent . The Research and Develcpr.ent Laboratories of ühe 

Corporation jive the foliov/inj information: 

"The highest stresses obtained v/ith ^lass fibers are 500,030 

to 7o0,C00 Ib/s-i. in. These are strictly laboratory values secured on 

freshly formed ind carefully protected fibers. Ultimate tensile strength: 

of continuous filament strands coinnercially available ran^c from 150,000 

to ^C0,C00 Ib/SLi. in. depending on the couting, surface trei.tr.ent and 

handling. The modulus of elasticity of fibre-class fibers is about 

10 x 10 Ib/sc. in. Perhaps one of the best recent accounts of the 

physical properties of glass, with particular reference to its mechanical 

strength, is that given by Stanvcrth , which includes an extensive 

bibliography. In addition to describing the various physical properties 

of glass, the author reviews the theories of strength put forward by 

Griffith, Orowan, i-iurgatroyd, Gurney, Taylor, etc. 

"All authors agree that the phenomenon of high strength is 

dependent upon the diameter and length of the fibre: the strength in- 

creases considerably with decreasing diameter and length. 

■*■ Sic. Must mean silica. Ed. 
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Lb.vj, buo thij re-T-aini; to be verified e>rperirr,entally. 

"."v^ rjl-3J fibrcc are very brittle^ it ic necescary tc protect 

;t...j y„r:'£ and cords by sc.te kind of protective layer. This is necci 

; s^: only to prevent breedta-c of individual fibres due to abrnsion, 

.Iso to bind tlx-r. together and produce a nore even distribution of 

^lass are coaraercially available. 

j?nese inclu_e fibre-^iass yarns and cords made up of twisted strands with 

severe.! surface treatments and ßlnss fibre rods and tapes, some of thea 

rade up of unidirectional fibres, bended together with plastics or resins. 

Polyostcr-bondcd fibre-glass rods are araons the most convenient forms of 

fibre-glass for prastressing so far found by the author. The sati'-ated 

polyesters do not recuire high pressure during moulding and laminating 

operations, and the curing temperatures are usually in the range from 225 

tc 275 F. During the curing cycle these resins themselves generate heat, 

facilitating the moulding operation. 

"The tests carried out by Professor Hubinsky were on polyester- 

bonded fibre-glass rods of l/k  in. diameter, specially manufactured for 

him by the Columbia Products Co. (U.S.A.). The ultimate strength of the 

rods ves found tc be 1^7;CCO Ib/sq. in. and the modulus of elasticity 

aoouv, (  x xo    u/so. m. 
:'Ti:e enper h'.:e:v;s showed that the load which could be sustained 

was dependent, upon time. As however, an unreinforced sample of the bond- 

ing plas-m'.o was not available for test, it was not determined whether 

this effect was due to static fatigue of the glass fibres or to creep of 

the bonding material. 

"A simple method was developed to determine the flexural 

rength under the action of sustained moment. The ends of a fibre- 

glass rod were clamped into small grips; the grip at one end was fixed, 

and the other grip forced towards it by means of a cord with a weight at- 

tached, thus forcing the rod into a bow shape. The distance between the 

two ends was measured for each loading. 

"The above provided an easy means of loading the rods to a 

K^r^' -^-'^ : ■' ^.«. 
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,i;r.*;_c to ca.^cu.LU'Ci, 

"c; .■:.__« "^~--  cii'-'-cd cut to _    - ,     ^ . . V-  i >   C 

uctoi"...:.J   v..-   -_-t   .'C — ..cCv-r. of elir.ir.c-tir.:-; it 

i--. ^ «^ 

.■.cci;"^.!;.^ to ^—.v.';' ;-..,! «'-'joto;;    very -.itclo cv^concc c» 

r^.c."^uo r^...^.-.'.J ^T-cr di*yir.j ir. c- i^i^l". ".'—CJ'.^..J tho obvious ^nL,"./C'i* thuc 

cc^..\c  to c^  to p.-otcct t;;^ ^-.-o.^  ouri-c-j i'.*o.^ ccnii;:j into ccntoct with 

.tci^ttrc.     ^.".0" ;..t..oi ü.   ^.o.._c\'»r.j t.._o  12 to ujo^y c z~iccx!xx  'Siz^   ^c.j. 

cu.'ir.j t.'.'j r.oy.ul —ctunr.j ""rocoou  ^t^-i.fort.ij   ioc^ci-/.    Alter üryir.,3;   tr.o 

fierce crc- •.;,— ;;;-J '..•.■„;: v-tcr^  vhich  is b^licwa to hydrolyze  oiT the 

chlorine 00 thot tho cilicor. utca car. "Do:;d to the ^lacc uhile the vinyl 

Croup ynrticipato-s ir. the resin poiy.acri--.tion, prcducinc "■ strong bond 

e rci ". ur.o protcctinj the (j^ao.'j r?.oroi. Tro;?. 

...^ * - - w- * 

"Th. trono-icsion 0;' the- tension fro;: the reinforcement to the 

concrete hos al\,-„ys beer, enc of t.,c- nojor problems in prestresscd struc- 

tures, '..'it;, fibre-;;l_.'.o re.nforcer.cr.t this prcblem is even tore acute due 

to the britticneso of t.-.e -...tcriul. The tr&nscission .tay be effected in 

(a) by direct lend vith the concrete; 

jaw crips; (b) by cenpression and shear in 

(c) by bearing (e.c- '•••indir.c cords round pipes or round 

of concrete beans); 

(d; by bend betveon fibre-^lass and cri-p  by the use of 

an adnesive. 

"Prelftin-ry experiments dene by Professor Rubin by shov; that 

cicnt bond car. bo achieved by nethod (a). The bond depends predcr.- 

ly or. t..e  surface of the  rods or cords,  and various types of treatr-.ent. 

1 sG"77 U- V.' u.  •   ♦ 
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suc'.i cz  corru^'ctions on the curfccc, are desirable. A r;ixij:.u;.: bor.-^. -wrc-c; 

of ijCJO lb/so. in. ves reached vith a rod of l/k  in. dia.-r.etcr c:..b_^d'-d 

':Tho design of snitable c^-P2 ~ either tc^.^orary,, Tor pre pen- 

sioned concrete^ or permanent, for pont-tcnoicned concrete - ^ne.,....j e 

-:ajor difficulty, as the brittle rod is liable to fail in the z-'-J  iteelf 

due to the cordjined effects of shearing and crushing stros^c^; added to 

the tonsilo stress. An ideal crip noist be such that the tension is 

transnitted 2-alually fror, rod to crip. A fc-v; designs of grips have beer. 

tried, such as two grooved plates bolted together; the boles being of 

varying size so calculated that the centre of gravity of their cross sec- 

clar.:p; but further experinents are necessary to find a really successful 

grip. Good results have been achieved by Keane, v;ho used a grip consist' 

ing of a l/h  in. pipe, 12 in. long, with the fibre-glass rod bonded to 

it by a cold-setting resin. The adhesive roist be selected with care, 

however, to niniraize creep. 

"Tests en rr.clol besns 

"Tests on two tj-pes of model concrete bca-us were made by Profes- 

sor Rubinsky. One type, 3 -< ^--l/2 x 3o in. long, was prestrcssed by two 

l/k  in. diameter polyester-bonded fibre-glass rods. The other type was 

of similar size, but with a circumferential groove 1 in. v,ride and l/2 in. 

deep; after curing, this beam was post-tensioned by means of a Gccn-coated 

fibre-glass cord of 0.0^-2 in. diameter wound round the beam at a constant 

tension. 

"Both types of beams were loaded to destruction. The first 

type proved successful end withstood loads slightly higher than predicted. 

In the second type the edge of the groove sheared off, due to the lateral 

pressure of the cords. Unfortunately time did not perir.it a repetition 

of the experiment with the edges reinforced. 

"The research carried out by Professor Rubinsky was of a pre- 

liminary nature, primarily to determine whether or not it is feasible to 

use fibre-glass as reinforcement for prostressed concrete and to gather 

data on the physical properties of fibre-glass. 

iiiii]ii(i-iHiiiriHiiiii";r",v üMüMtü 
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tolicvc there ic "uch ^rour.i-v^.-;: to Le den; 

y cr ribrc-clasc, c;-.w.r.lcaJiy prctccted a^^in^t 

u-^ be devcic^etl ir.duocrlaiiy, a::d further cx- 

-/.•• product, •/loh particular reference ic static 

'Sellable values of tl".c tonciio stren^jth and the nodulus of 

/ of fibre-^lass products shou3.d be deter.T.:.r.ed, based on a large 

r.u.-bcr of teccs. i-iuthods of increasinc bond, and improved types of an- 

chorages should be developed. 

"Suitable plastic-bonded fibre-glass reinforcement would be 

particularly valuable for prestressing structures exposed to corroding 

forces such as sea water. 

"V.'hen all these problems have been solved^ glass reinforcement 

for concrete will compete seriously with steely bearing in mind that with 

possible improvement in the manufacturing process a product with an ul- 

timate strength of 1;000_,OOQ lb/so. in. may be achieved. Compared with 
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c^U i..\.-,..- j,z^.jl  -./ire vi-ch an ultimate strength of 22^000 lo/cr. in., 

C2 ij :.J„ p.-ccont uc^-d for prectrcssed concrete; the amount cf i32.noG fibr; 

reruiro."; \.!oulcl CJ L-'ocut one-quarter by volvxr.Q,  and about onc-thirtccnth 

by •„■ei^'nv cf that of hija-tcno-le steel. If ordinary reinforced ccncrcuo 

■..■ere replaced by concrete prejtrcsoed by fibrc-Glass; the amount of ^laca 

reruirea vould be about 1-1/2 - 2 per cent of the quantity of nild cteol. 

"it is thus evident that the use of CIUCG instcr.d of stool 

vouid lead to considerable saving. For countries that import steel or 

do not have sufficient quantities of it, replacement cf s"oeel by class 

vould result in a tremendous national economy,, especially since natural 

supplies of silica are found practically everywhere in the v.-orld." 

Work of Crepps 

23 
15- Cr.pps  presented a surmary of information includinc the 

following, but made no reference to Rubinshy: 

"The feasibility of tailing advantage of certain physical prop- 

erties of glass fibers for application and use in the tensioning element of 

prestressed and poststressed concrete structural members is indeed intri- 

guing to both engineering designers and constructors, hach interest in 

this subject, largely academic, has been shovn during the past ten months, 

although constructors and fabricators are anxious to ccopcrate in any verk- 

able enterprise to verify design considerations for practical usage. Ea— 

fore any practical application of glass fibers in prestress structures 

is justifiable, considerable experimental investigations are necessary. 

"'Ulis paper is not intended to bo a report on specific re- 

search in this field of engineering but is given to convey the important 

properties of glass fibers useful in prestressing, and to point cut sev- 

eral problems of concern in the application of commercially available 

glass fibers and products. 

"Design considerations of prcstressed concrete structural 

memcers depend upon cne ■c'..'o im 

ing elcnent, namely strength a ^>.* * ..e 

tensile strength is desirable from a 

hysical properties of tne tansion- 

A high unit yield or ultinate 

cencmio vie-point but not necessary 

.--^t-,  ■■  -K.-.   :.,-.,,V-.-  -l..^.-^-«^ ^^^ _:   : _,  ,^-.^-^^-^>- 
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c:.  -. >-.•..^■>.■-■..-^1 ;-oiö. Tv.e cti-i-ne^S; or modulus of elanticity^ of ctec-l 

^.:-„_w:.-c .■-— ~.:d •..■li-cj is c. constant value of about 30,üJ0,000 pai, and 

i'cr c,.:-l^„ iw ic £C...c-.;::at ICGJ d^c::c.ing upon the cabj.e conotruction. 

;..■.■,. .\.:-_, ■.;■.. l:ij: lo^^ of 15 to 25 per cent in the steel prestress duo 

to ^hr^.-.'.:..^e a:-.^ -lev of the concrete, points to the desirability for 

"Z.:  the V;„lr.uv, Lane Bridge., Philadelphia, Pennsylvania, the 

c*d,..s .;.._._oV-ea 0.276-iiich dia~eter high carbon steel wires that had a 

yi^ld .:ai:-.v ^.rcrj:.!: of 213,CGO psi, although the desi£ii called for only 

iJD.C'CO i-.-i. A :;lass rod of this size possesses only a fraction of this 

„■„.vr.j'h.; ho.'cver, if the sane cross-sectional area of glass is cade into 

fir.^ fila.on-s, their cor.bined strength is greater than that of the steel 

"In order to produce fine glass filanents of durable quality, 

L_.^j-_l borcsilicate glass compositions are selected. The batch ingredi- 

L::ZZ  are melted in a furnace comparable to that used in caking open hearth 

steel and after a pericd of four or five days the glass, at a temperature 

c:" about 2,3C0 degrees, is formed into marbles about 13/lo inch in diame- 

ter. These marbles are melted in small electric furnaces and the glass 

flc-..-s by gravity through 20h  small openings in the bottom of what is termed 

_ ba^hin^. These several small streams of glass are drawn into tiny fila- 

:....'.v.s connecting them to a 5-inch-diameter drum which spins at the rate of 

6,i.C0 ipm. One marble yields 95 to 250 miles of single filament depending 

vpon the diameter. The production rate of a strand of 2öh  filaments ap- 

proximates two miles per minute. The strand is removed from the drum and 

wound in a form convenient for its intended end usage. 

"References in literature point to high tensile strengths of 

over 1,030,000 psi for laboratory produced fine filaments. The tcr.silc 

strength of glass filaments is high and, in a general way, is associated 

with the sice increasing as the fibers become finer. However, in the 

practical present-day commercial textile fibers the ultimate strengths 

range between 250,000 and 350,000 psi. More recent experience has shewn 

that by proper techniques in the control of the several variables en- 

countered in making glass textile filaments, from 0.00020 to O.CCO-O inch 

■^ ^^^^^.^»■^^..^.^W^tt^.^W^^ .»-. ^.-^ ^.^..^ !.,.,..„ 
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or modulus of elasticity (2) for einöle fi^ar.ents is O/CCO/CCO-O^CC;^;! 

"Clz Ob       * J. J.*_l...iJ*. OO re very ixexioic yet ere e^jept.ior.aj._y 

elastic.    They sho-.: ac measurable plasticity anacr nie;, uzu^  s-ress nr.a 

as concluded Per Fiberglas yarn EC'D 900-1/2 in a recent released report^ 

frcir. the Amy Quartermaster General's office.     'Therefore practically no 

permanent set is observable as a result of applied strain. '     Glass './eiehs 

about one-third as much as steel; the  specific gravity of glass is 2.$U 

while that for steel is 7-Ö. 

"Yarns of Fiberglas are made by combining several strands,  of 

20k filaments each., which are twisted and plied.    The combination of 

number of strands, their twists and plies are governed by their intended 

use.    By comparison, their tensile strengths, when determined by the ASTM 

D ylS Methods of Tests for glass yarns,  are,  on an average,  about oO per 

cent of that for an eiaial number of straight filaments.    The modulus of 

elasticity for yarns is also lower than for single filaments,  the exact 

value depending upon the construction of twists and plies, but will range 

rcm T,vj'-Aj,'jow  oO o, wu^o^w poi. 

"Several manufacturers of reinforced plastic rods incorporate 

a number of strands of glass filaments in parallel as the reinforcement 

in the plastic.    These rods have tensile strengths per unit cross section 

only slightly lower than, but somewhat in proportion to,  the combined 

strength of the number of individual filaments used.    Strengths of 

210,000 psi have been obtained per unit cross section of the rods; how- 

ever,   strengths of currently produced rods approximate 150,000 psi.    A 

Research and Development Report, Textile Series.    Report ITo.   oh, 
"Tensile Recovery Behavior of Textile Fibers," by George Susich and 
Stanley Bacher,  Department of the Army,  Office of the Quartermaster 
General. 
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;^  tr.- .«^"wiC^k-^v^ ■carijun 

r.-.i:.'.-or- ^..vo^.--^^^^ •..•.'v.. ^1^..;:.  ."il^r-.     It,  is rc-^üiiy cc.-.ceivCibic 'Jr.^x, 

ir.J.iviJ.uil i'ilc.;.cr.-;;;  oi"  euer  _;.:.... size  «hci ti'.oy c^.^. "L^  „ecn only ^.'-■c:. 

v.- iC'j^'üy,   C^U--— r.Oü  «v.  .".—'.C-LUC cxpccii^icu^^y.     *.*j.'c* -*'-;   ccrr.c: o^   \,i\c 

uion3 cf 'J.ic::. eith-iv in üi'.c for.;, of yornc^  corJc,  or cu^.-<-j;  or in p-^-tic 

roüj vhoroin z]r.c filo^oi'.tc ^:C'U_d be  oo.:öcd in o. p^:-iij.lcr. ;:i.:nr.er. 

"IIo1.,' c^.n z'.'.c ^lv-c:: Lencionin^ c^Twcr b^  GorctclieU ^c  tha.^ each 

cut the cro: 

v.'O-ald require ccnsiderable '..'crh to knov; he; tc 

iir.e ctric:; tnrou^hout a. cc-.-u^nioion Ox   y^-rn- or t:.ro^ 

C'ction o.. plastic rode?    Thi^ prcble.-.i ic no; simple ond 

ffili tr.ecc co.:dit:o-j. 

It has been fo'.ir.d in the tension testing of ^la^j yarns and cords^  as 

v.'ell as plastic rcds; that considerable effort is expended in obtaining 

sufficient holding pon'er to cause failure outside of the  c^P^-    Slippage 

is caused by the  snoothness and hardness of the ^lass  surface;  and,  too, 

the hardened points of serrated surfaced metal grips tend to break the 

surface fibers in plastic rods.    These phenomena suggest  special attentior 

need be taken in the development of a suitable mechanical anchorace,   such 

as rr.ay.be employed in poststrcssing.    Any mechanical or hydraulic device 

used in straining should be capable of three to five times the movement 

encountered with steel because of the differences in the moduli of elas- 

ticity. 

"If plastic rods are used in a bonded prestressed member, how 

efficient and how durable is this bond?    Studies need to be made to deter- 

mine the magnitude of bond between the several kinds of plastics employed 
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(l)  -..;>.• forjcc-r l.ac no yield 

^i;^ ;;.cduli  ol" >jl^::uicity for 

^./v.' .'..oiv r,^^r-.y Cv^u.il th—r. i cr ccr-crctc  c^i'i^ n 
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ul.u  ^I.-JJ „jcrca^w  1;, *v/.o  ccncr^-c en the tc-ncion 

.d  x^ plwcol on n ce^.e ctruciuro,  ^ar^lculnrly v;nen one 

•.::.-L..~ are none nenrly 

'-•■■-'-"^ v-'-- '~   •      *■ • 

■ •■j     * -.   —^ v^u-.^..^ ,;„^^w*^-v*^.^j   ^.. c ^y^^.jr prccöntLcd in cm 

carlic.-  CL.-„.cr.  cl '.!.-j  cjni"^;\-..wC;   cncr..V'd tl'.j.t the  ir.crcajc  in preetrocs 

devc-lc_,jd  «.. tr.e  t.-r.-l:.'.ir._; Cvccl d-e  to  supcrir.posed Icaac  on c. bcoe: 

•.:o.c prnetica.'.ly nil.     . _• c...ec pcinted ov.t  chnt ti'.e tcr.cicninj vrcczr^^z 

hed l-.tt_e  i."d_uc-r.ce-   '... ti.e e^ocerjent loed-dci'lcction c/.arnctcrictics 

ci" t;._-  c^u:.. ,'p  te  the  tr^ncit^cn point  ■..'he;-, tension e:-j.c;ie \.,Guld be  dc- 

velcj.cu in the   e:nc:-cic.    A tencionin; rr.^terinl of lc\;j.- .-.-.odulnc  cP 

elcetici-.y chould ne., alt^r t..ic  e;;anac^erietio.    Ilc-'evcr,   special atten- 

tion should h_•   "-vcii to z'r.o ctroc2 rc^atior.ehip ir. regions above  incipient 

tc-ncion crachlnj. 

re-..: .u uo..C-e^e   .>, 

_'—-. oe..'_».t ^.oeocI—ü^.en;   Cn^c^^e^   j.a.-.-.noj.s 

^kMHaBaflHj^MIIIILAj 
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."-. •-•-crc C:W;;L be a  co:.; 

ej,  p-—_c-^ar^y •„■here litt-ie 

--r.c. 

.-    U-L     X^, 

J...0  .-J^JCTj    'cms 

'.e^ardiecG cf \/hat for:-  ^ICG: 

>,-,.- - -••^  v.r,   -.La.oj decided for chc-n 

!...0'_:_U   Jc    _;■,; 
-. -^^j^. 

-J-c: Li dc-crc-acc   ir 

_L.;^.-r ^.—»triple r.ccci 

. of cont-.TuOUG ^1-JC  fi"ww-rG i;^c 'cui.:. d.ctatcd 

uid u;;c  t!.,^ in  such volur^ ^n 

z ^u.;; c*cr. coit'^c*   oC L-.o extenx   ^.i^u   ^.'lo y 

_.o..;   cj.u rex...urccT.:er.^ 
■ ■ ^.^_u x-c arc cor/cinucu.^ 

:: 20- 
L,-- 

3J .la^.drcd tl-.cu-ar.dths 

._w-^;  yarr.c^   cord-,   cables cni ropes.     Ti.ejc products arc ccr.erally 

ror Gpccial purpcoeG "..'.   re certain decirablc- propcrtico arc eGCcrXial, 

- - ,«n\mtmtmumai*mm\i -nr ir -„-.^■^J^„JJJ^, 
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".'.'  \\.J --r^i^r.-c   :i.;.J  cr.jir.ceri:.; ir.tc-i-_-^-L  _u :.'.cuntinc rapidly 

n", ^'*'«J^ «i"^ j. c cwi',j.'w"w^  - 1,0«   c^'Cw"^Jc 0-   ij.ioi uL^u.j o_  r.,,.«c*ITii.c,Lu loir  O'IUS 

Ec.'evor,   w^.;cc z'.-.zi.: -jizj z.-c thj pr^cöiiü   w?^o  io pi'acticull2.r nii;   it  is 

roco^r-i^.I ;,;...: co:'.jidcr-blo  civplcratory evclua.tion Must cc niL.de in order 

to dicccwr th^i.- ucefiil iimi'cctior.s.    Ho',.' to use the exceptionally hi^h 

ctren^tl: of c;cpcTi;-c-r.tnl Idboratory-p^oduccd fine floor is primarily of 

future  in^^rcct and efforte in thin diroction can be  realised only after 

learning ho:: to ULC and evaluate  the preccnt cc:..:.:ercially available nate- 
>-ialG. 

"Active L,;terejt  in the use of ^li-oa as the  tensioninc element 

cf prestre^sjd concrete has be^n manifested in the last  several months. 

An.onj those  interested academically are Princeton,   Lchich and Ohio State 

Universities,  ;.hs;>,.c.;usetts  Institute of Technology,   Portland Cement As- 

sociation,   ans wt.xa's.     cevera—  companies now manufacturing precast units 

have  also expressed -r.terest  in producinc units for field evaluation." 

.•:.■::  of  Zteele and Libby 

"70 
io.  Stccle -.ni Libby'" acscribed the it.vesti~^ticn of the U. S. 

Haval Civil 3njinc-erir.c he^earch and Zvsluation Laboratories as follows: 

"iz)    Lnperimc-ntal deterr.iination of the suitability of hißh 

strength lc\/ bouii^'s modulus materials, such as fiber (jlass as a prcstress- 

in^ cable: 

"A rational analysis of prestressed concrete indicates that 

the material used for prcstrcssinc should eidnibit a hich strain and low 

amount cf creep at the wording stress to minimise the losses of prestress 

due- to creep in the prcstrcssinc material^ as well as shrinkage and plastic 

 -■—" ^..-^-^ ■ ■-—-• "—  . * „v/..,..^... •..-, .■■- ■■ ' ..- ■ "^■Ir  ■-•'" "•■'•■■ ̂   .,..•■.,.. /,■.:.I.- 
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1J.C:; 0-.   CL:J  co:'Lcr:rcc 

in cor.cluuir.c th; 

vcr::i;'.c C^I-CGJOC C:. a^ou'j ^SD^CuO poi IG O.O^n- .in./_n. v.:-:: ^^::.^ c.; ^ 

~>^) ^^^j> 

>1C^^ u. 
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that fi^er ^l^-3 h2-^ charactoriiticc Tor accc;:plicl"ii^r; this purpose,, a^d 

in order to dctoruinc tne ~.critG of Pibcr rlacs and poccibly other nate- 

'' iated e:cperir.e:rc3 to determine the value 

n root res 3 in," concrete. 

-' \J^ t*o^ 

of na'ceriaic other than steel for u 

"rhe progra:;i is in the inii 
,w,,-T   -!,,m,1 

i-L "Oi^ase oi escao-.isni-n., enc- 

aa'y r.ianuiacturea ncer "oac .-opercies oi various conr.erc: 

and oars. This pro^raxi v/as initiated so recently that no results as yet 

are available,  Since the use of fiber ^lass for this purpose is cuite 

controversial^ the projected research plan will emphasize the determina- 

tion of the fclloving: 

1. Sconcaies of using fiber glass in lieu of steel for 

pres'cressj.r.g. 

2. Physical properties of fiber glass. 

3- Cher.ical resistance of fiber glass to the adverse cor- 

rosive effects of cement. 

■'■f. Prestressing technicues when using fiber glass. 

''It is felt that research along the above lines vill do nuch 

to ascertain whether fiber glass does have a place in the prestressing 

picture.- 

"The laboratory has recently been informed that Professor Ivan 

Pubinshy, of the American university of Beirut^ Beirut, Lebanon, holds a 

Lebanon patent en the use of fiber glass for prestressing concrete." 

!, „^T..J- ^^.^^aügaitf 1. ■v.mm^gitiigmitmmmmmiim-^—- 
 ..^^^^^^^^..^.^.^^i^mM 
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J.    Subüociuont to I\ubin^l;y'G departure frou Princcton_, vcrlc ^.,a: 

conuxnuccl nzvc. -ly --i-un \nciaj Cl S Ll i. S U Ur. nee . X 0_l    OiiU Bureau of Yard: 

and Dccdu, U. S. Ilai/y. Several reports of this work have been prepared 

but not oublishcd. 
hi 

lb.    A najor portion or the report by Keane  deals with ezperi- 

r.:ents v/ith various types of clanpc for use in gripräng the fiber-class 

specinx-ns during various tests. The most promising clamping device 

tested vas a conical grip in wnich the specimen vras held by a plug and 

cemented in place with resin. 

19. Keane' s findings with regard to creev3 are at variance with 

those reported by Rubinsky . Keane reports as follows: 

"In his preliminary reports, Rubinsky described the static 

fatigue and failure of the rods under various loadings. Using the 'bow 

method' of flexural testing and a centrally loaded fiber glass rod simply 

supported as a beam, failure with time occurred with no apparent creep 

in the rod. 

"Under conditions of cantilever loading, creep was detected 

in the rod. This suggests the following explanation of why fiber glass 

rods fail at a lesser stress under long time load conditions. 

"When a constant load is applied to a fiber-glass rod, some 

stress is taken by the fiber glass, while some of the stress is taken by 

the tensile properties of the resin. The properties of the resin are 

such that it creeps or flows thus releasing a part of the stress carried 

by the resin. Since the load is constant, the stress released by the 

resin must be taken by the fiber glass. Thus the fiber glass takes an 

increasing proportion of the load with time until it reaches a failing 

stress. Since the rate of plastic flow increases with an increase of 

load, it can be seen that at heavier loads the rate of transfer of stress 

from resin to fiber glass will increase, causing failure of the red in a 

shorter period of time. This e;cplanation applies to fiber glass rods 

tested in flexure or in tension. The magnitude of shearing strains re- 

sisted by the plastic in flexure tests indicates a short time tensile 

UK^tMieimtiiimi^ 
^■M.ijji_miimii-i<titMwiM\     i nfiMülliai 

^^tältmmicammim0&BM 
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-c^cr- 

.^     ^O..^i : 

- ^ ».L. ^,.«     U     *-..      ti. 

cc.-.'-uc-ec 

-^ .■_.   s;ow 

,_1- v.    i..— ^^. r.-u^". ccvrir." .or tr.c fii: 

■..'C-l- :;-vc  ttc:; .c:.^ cf."-Cier.t  in lor.c-tj-.~e 

.^.1.    ^. ."..•_  CC-r.-O^i   C"J-r-P-"J   ^JrVlCC,   ^1... 

*'_' -^^>_'CL-i*.c Ow^/.^^r.j'y. 

i._^j_e  ir.  i^>: ^^.z^i.,  irr cr.d ur.chorir.^ "..'irc^ 

^i.'j—o ^.'.c  „G_i.cr.^C-', 

;ec'cior. :vu^^ 

, .•,   -^   T /'    .•..      ■ ,•,      .   . ^^.-•..„.... oi   l/».-^.;..-aicr.ctei   r 

tc to 150,000 to £30,000 j^i c, 

Cr.cy i-i^ard 'ehe \.'ür;;ir.-  -itrcjc 

cblir.~ Otrcr.d Sachcö, \.'hich ^c lc- 

~i;-;ir.c tencilc   otri.::jth or i/^-in.-dic^cter 

..- r.cd'^luc  or r"jpturc cr.d the  tor.ci.lc 

;d cor.toir,ir.3 ^ per cent cl-== ^7 volw..;- 

:d 100,100 tc 120,000 psi,   respectively. 

^s one-half the cxiol ultimate tcnoiic 

-"--■ -^.WJ.»».»- „i^^^w. -^ ^^^^^■-'-^-^-^^^'^^■■"^'-'—■—-■"■^^" -■  ^'wi-w.;-..^-, "■■■"•^^^ 
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."CJ-. y-'cctic^l .r.e-chod Tor 

ioi:ov/i.-:     "Piter  - 

oiled in :. ^L^ro ^cnl  c^Pore 

r^er'   curr^cc \.'hich develops 

-.v.„,_^  ,w-^;   o.:e  roae  >.:re 2>i"e«en-ior.ed;  Cir.l   Ll.e   cc;:- 

2trc^-jd by rcle_-:r.j   .he ^:-.e;.j:-_j^ ar.d tl.e  roda ^re  cut -0  tlic fuc^  of 

the  concrete.    I'i.-c  the  .^c::ct., for the end :.i:d connect lens of the  rode 
'va-cd." 

2>.    dcllenl'e:-~e-- eu^erviced  the ■..•orh of i.'c^ne,  he,J;  and Surho at 

-.._  _.. ^953 .-."c_,-.-v.e „ .:^.„:.iry cf th^ available data that  ^n- 

cl^ded co.r.c- '..'orh not  r^yo.-^-d el-i.-..,i;crc.    he  ju:.j..„ri:;cc the actual tectc 

that hau been r.a^c  of  concne^e bc^n; preetrcscod "..'ith fiber jlaec: 

_/.     1;. .".-_ :JU  1^51 .^ubir.jhy fabricated a^„ tw^tcd a becez pro- 
:-e.-. ed by vir.d^ : a urec_se  Cw-crei, be^n. \/ith a fiber- 

,   ,-   eera ^/w^..^  .r. e  groove. 

b.     :..  .,.;..;  f.^... „  .;—. f.len-::!-.^  t\;_r.c:  to pr^^trcee a floor 
■ ....  v- ..._ „ ^, ^. ^,  yn- a^ _  cinder  L«.oc;Cii.     ^u^^.^^ './ere 
- — .ac.."Lv. u  ^y y_ac*i.j ^.c^oe  GJ.   t'./mc ^e'..'-t ena elioco  co 
T.;". -.d.:.i  c^r.-icn ^;a-  obu^-incd  i;. -11 Icepc.     Tne  end 

„tr-n-.^   ...-   „,ne..i ^..e.rdd.y \;a.   h.rcaiui th.rcuch 5- by 

y *. n  -._ -U.     ... j'j n exvera.- *^o:.tnü  "^j'.e   CCCCJ '..'a^.  ct^.!-.  capaolc 
ia. 

^ ---/- -n. cy ^^ ,.,. -y o J.X, i:ave been nr.de at I-rinceton., 
p.v-Lre-oed by tv/c l/-f-in. redo placed or.c-tnird the dis- 
tance i'ro.'.i 'vi.v. betreu to z}:e top of the bear.;, dhc initial 
tcn^ionin; •./ac CljCZC pci and the cctinated loss in otrcoo 
duo to shrinkage of the Cuncrete v/as only 5j3C0 poi. 

—  -' ^ ■,..-.-J,_.,„-.^-.-.^.,. -1 r Ti-iiMKiüiMririrmii n in iiirnrtrr'nriii 111111 mmriiniri frWMüw 
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tr.c 

;   co c; 
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:t p.v-c 

c.   Cwi.'.'-^^ir.'' i,;ie a. 

r.^.r.: c;." tir.-:i.-.j •JI.Z  ccu^/.t, '..v.icli ^:ouIcl  cauco 

-'-'->. " .c .'^  c-' \..".c; .'..".^ co.-.r.v-'ctlor.. 

;;'-:".rccccl  J^^^C  in oucl; a r.;anr.er a^ to reduce 

r'jr.::oü  in  the rede to a nini^ur. and to provide 

yir-c deci 
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^ ■or.'. 

to 

■> 

..   :"-:-_.■ ,_.!.-„-  .-^c   -n^. not  "co 

tcr.z: 

3 CO t 

"The 

irr.on: 

test: 

o 7^0 lb• 

;>^ .      jj  

j  Uc'.'-^ .« i vj^   ..ociitir.^' tiio point c* ü.pnx*Ccicion ci tn-^ 

-1".   t....    k.._^_ ^r*   I- '-.'t-^.;.   O*    t.'.O    0^,'";:;;   ';II",C1  ü.t    ol'-O   CCii.lC*    Clllle 

-.^^..-rcclttl;-.^ i'crccs ir. the "bottor. fibers of the 

i.tntir.j the fioer-jlacc redö to sustain the entire 

Ltion_l loadi:^ .r.achinc was used in the investigations 

■.c;:.cnor. in fiber ^lass. The cycle of loading required 

):: of load each minute.    The applied load varied froa 

'. the results of these tests., I.'eis concludes as follovrs: 

.t for fiber rlass rods as determined frorr. these exper- 

■...e?.j   311 of the ultimate stress.    However,   in those 

i'.ditior.s found in actual practice^ this endurance 

.•j be found to be appreciably greater." 

-.1-   f>.-P   c- ■ ■./or..; ca.  yurno 

JJ-' "he third Princeton Master's thesis produced in connection 

v/ith the vorli on the use of fiber glass for use in prestressed concrete 

was that by Alexander Surkc, Jr.     .    The portion of the program studied 

by Surho was the determination of whether or not the strength of the fibe: 

glass in a fiber-glass reinforced plastic rod could be more fully de- 

veloped.    He  showed again that glass-fiber strength varied with composi- 

tion, fiber diameter, and surface condition.    Silica glass in small fiber: 

M^ua^^^iiymiHr^^teiwtf^M»' tiätmummai* mmmmmma »mm __ .--1 
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by en cr.o.r.alouö ir.creaGe of Y:.cco;;ii;y i.'ith ir.crear.in^ tension.    Thiü is a 

cor.Dc^aoiicc ox' ti.e ;.:olecular constitution of the rr.olt and ic possible only 

if thor- is a:: orientation and distortion of the ir.olecular ingredients 

during ZL\O c-^.onjation 01' zlio fiber. 

35-    Xur^atroyd'    studied the nschanical properties of ßlczz fibers 

and deterr.ined tne modulus oi' riQidity and Young's modulus of elasticity 

es  i'nr.ctior.u  of iTibor  diar.-.cbcr.     Ho  also davo.lopod a ro.lation.-Jhip  ■'"or the 

rupture strengen of ^1:ss filaments as a function of time (see Eicel' ^ 

P 500). 

36.    Re:-:erw~  studied the effects on tensile  strcneth of ^jlass fibers 

of initial tensions and other conditions of      eduction and r^ade evident 

that the steep increase in censile strength vrl'cn decreasing dianotor is 

the conoepuence of a nuch reduced number of inner flavs in the fiber. 

The extension structure of the fibers brines about a strcn^ly prestrcssed 

be overcome in 

the tension test.    Rupture most frequently starts in the surface layer 

of the fiber in which the flaws are located;   if this "defect"  surface 

layer is removed by et chine with hydrofluoric acid; the flaws are also 

removed and the fiber is strengthened up to 30C per cent.    After removal 

by etching of a layer O.Jl-1 thick the fibers attain maximum strengt ";. 

Freshly produced fibers have higher strength than aged fibers  (see Eitel    , 

condition in tne exterior sone; which must additionally 

pp 293-3CO). 

."C   c. if glass fibers are defined by ASfM Designation 

C 162:  (a) c^mv 

and (b) sta-me : 

ire filaments of great or indefinite length., 

o; reia-civc short lengthy  generally less than 

17 in.    The soue reference noted that borosilicate glass is glass that 

contains at least 5  -er cent boron oxide  (3o0_}. 

33.    Baker and Preston'  confirmed the existence of fatigue of glass 

under static load when rods 7/32 in.   in diameter were tested, but found 

that it disappeared when the glass was tested in vacuo. 
11 39-    Blum      descrioes the use of internal damping studies of fine 

glass fib-rS;   in vacuo,  at low frequencies and constant temperature to 

evaluate the effects of fiber diameter. In? etching, and similar factors 

to develot) information on deviations from perfect elastic behavior. 

it 1M1 iiiM a ittViiMtfH"-'^'"-" MiBiBiaiMaiiilMftliii 
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X_CG  xncc-LT.?. . L w<_ »-^      o..-,^      a Uv--. .iojtly in the s"oailed border 

i-c-portec!" an cnnnplo o-  severe chemical i-ea.cöion bet"..'oen portland ce:uent 

Cbscrvations of the 

pOjr'C-.and ccrT-cnö v/erG 

c32:on3ihJ.e für the concern e>^pres^' i ty 11.  S.  I-.'e*sc.ier vhen the notion 

f £;lajo as a pi-estresGinv and reinforcing ;;:£din!- ::a3 C"vc:: publicity in 

n.an^ar ar.u ^„.ajc "Cij-O './aj sm'ia.cm^ —n a  oa/enro 

cian.—ca^ i,c,ac"üü.viC,.J' oz   r'naoC v-na  uno a.'.^i^.'.^j.cs  xn 

nie  umuOci ij'ca'cci In 1951 i-'h'. I'einsner ■'..'rot 

I. A. Rubinslcy has ov.^^e.sted that (jlaca Tibers would 

carve as the reini'orcir.c and prestressins nediuz for prestressed concrete. 

"Prüfesso:.- Rubinshy is reported to propose glass rainforcer.ent 

because it is resistant to acids and alhalies.    I-äiny are inclined to ac- 

cept such a statement readily,   since glassware is the cemen inplcaent of 

the cheruist. v,"ho docs not hesitate to use it as a container for the nost 

corrosive materials.    Yet glass is soluble in alkaline solutions. 

"I aj;i told that gin,  for instance,  is sold in frosted bottles 

so that the -snsun.Gr's cariosity v.-ould not be aroused by etched glass 

were it "to be packaged in clear glass containers.    The pH of gin is so 

high that the glass is slowly attacked by it.    Naturally the consumer 

would be skeptical about what  such a product night do to his stomach if 

he were aware of what it did to glass. 
:'IIow over 6C-J of portland cement is alkali material,  and it 

contains srall amounts of the very active alkalies,   sodium, and potassium. 

■>••    Informal communication. 

aa-.fr^aau ̂ .^,^,^r-ni,(rcm,r—-^ 
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nt to ■..T.ich cc.~jnt: 

y hcve boc:; de.lil-cra.tely put 

>i.e2Jarod by crVwliir^ pyro:-: r> 

ci'; 

size  o_ 

aü  ;..UJ.: aj  u.^ y,- 2 veelcs,  end exudo calcic-  and 
--.c--'-   -> v e,-i iro;:; i-cs cunaca.  i unccrstana. tnat ordinary ooötiC 

Class v;iil perfom similarly. Thorefore; I can inagine that class fibers 

v;ith considerable surface area exposed, mirdit turn cut to be extrenely 

vulnerable to portland cer.ent paste." 

kl.    Prof. Rubinslcy - replied to Mr. k'eissner as follows: 

"H. S. Keissner questioned the practicability of ray suggestion 

for the use of glass fiber for prectressing concrete. His criticism is 

based upon the fact that glass fibers might be attached by free alkalies 

in concrete. 

"The possibility of some such action as Mr. Lleissner antici- 

pates is well recognized. Any research into the practicability of using 

glass fibers for reinforcing concrete should investigate thoroughly the 

chemical, as well as the mechanical stability, of the materials used. 

The most promisin, ;er reinforcing material thus far considered 

consists of parallel fibers embedded in a plastic. Here again, however, 

the question of the chemical stability of the plastic over prolonged ex- 

posure to concrete must be considered. 

:iAt present, I an at Princeton directing the early phases of a 

program of research into the practicability of using glass-fiber tension 

members for prestressed concrete. Let me assure Kr. Meissner and other 

interested engineers that the chemical, as well as the mechanical, phases 

of the problem will be given consideration." 

k2.    Sor.e fundamental v/orh on the reactions between glass and water 

has been reported by Beattie .  He leached annealed glasses that were 

crushed and sized to pass 1.003 cm and be retained or. 0.599 mm (passing 

Ho. 18 "sieve, retained on I.o. 30 sieve, approximately) with highly 

p^irtMiM ■"■im i -ii ir'^i—- •~*'--~>'^'"**-^**i't^-M'«*'**  
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*J 

;o X^'-J ^. 

. t. o u— L ^ 

^^   i—v _.L,.;   \.^^ 

"o.   53;   G -'-ujv.ji.  ly'^l,,   or. t.i.j o-rccbü of ^/a•Jcr ar.d ullcalicc  or. ü Geon- 

cGCtod -•ijer-^l^.GG  cord  ^'y:- 2G 9-3);   O.G-;-2 in di-^stei-.    Six ca^lcc 

\:c.rc te^tjd.    r7'.'o  cor.oi-clo jive t^r.oile  strsr.^^s of 97 ^-^ci 120 lb;  two 

kept in '..'at^r 29 n^ Cavc 30 lb;  anl t".;c kept  2-r hr in a solution of 200 g 

of "Incor!; hi-k-carly ctren^tn portiand ccn:ont and 300 £ oi' vater Gave 

ctrensths oi" 50 and 39 lb-    From the iate of this experiment it seens 

liiCe^y 'cnao it vaG  s"cii..U--atc,a cy .ieissner's —e^'esr.     iz j.s interesting 

to no'ce tha'c "one  s'uren/->on reaucuion was 

;er as in one ce;~:ei 

'1 c;     ,:~^'!^ •*• ■ 

Keane  confir.ed his vork to rods_, noting that ' rods are better protected 

against moisture and cement infiltration than the taoes." The 1993 

Princeton rencrt by ;-.r.r~a.i ;nd Sollenoerger state s tnaz an imocrüano 

loon xor tnc ...f rod rather than ro2je or cordage is the fac-: ti'.at 

":d are "so voll  "orctected." The amarhng resistance 

:o eroc ■e o^ v.:e j..L;:cr-c.Lass nsning rca, as vrell as oho small coaö 

.e of imprc:j:'-at.ed g-ass fibers; is excellent evidence of the ef- 

fectiveness of this protection, hvery piece of evidence so far available 

indicate:! that the glass filers are mere than adecuately protected from 

any alha„ies present in Portland cement concrete. 

"---'^—^^- ll l III! |-|i,>
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-■-l    Tyj 'Di   . c-'p   n      T 

ic^ c,:.d i\.ii:_'orcv;d coi-crote;   out 

or.crc'.l.ly :::ach r.ore evenly distri 

Le^y bet*./eer. fiber- 

in reinforced pla: 
■,...,.    ..-]      j.l.,^^^. ,,--,,-.. ,4-      .■.■',■ 

"Co concrete. doii.jiiin" fil-er-^lasG reinforced plastics it is aüGur::cd 

iriuio aci together — that in service the strains in the 

; are equal. This implies thai there is ßooä. bond between 

is ansc j.u/.ca onao "o.ie i2.oc r-,7lass reinforced 

-olastic is elastic and obeys Eoche's law. I'his assvaintion is re.-aided 

r^.  Sonnebor: notes ie tensile strength of glass fiber is 

about 400^000 psi^ thus nahin^ it the strongest available structural ma- 

terial on an equal weight basis. He compares properties of seven classes 

of plastics that have been used with fiber glass: polyester, epoxy; 

phenolic, ~:elar.;ine; silicone, polystyrene, and polyvinyl chloride. Linear 

coefficients of thermal expansion per deg F parallel to the reinforescent 

as a function of percentage of glass are reported as follows for polyester 

resin reinforced plastic: 

Glass. co  by V'ei.-rht      Coefficient x 10° 

0 
23 

50-60 
lii-.S 

-3 
'- rJ 

10-15 

ZJ  s^renvths are so close that they are usually con- 

Ssnneaorn's coon  rjrovides a com^renensive survey siaeruu jCen^j. 

of information on ficer-glass reinforce! plastics and their industrial 

-Ce e • ■* rQ> . titute has ..nvie a series of studies of 

s .or the U. S. Air Force under ccn- 

tracts acmir.istered by the ;-:„üerials laboratory, Directorate of Fecearch, 

bright Air Development Center. These studies have included glass fabric 

laminates made with ?_ashcr. ^10, gtyg.oi l£3, Selectron 5C03, Silicon resm 

njpimgi i'liminii iiiriiimini iiuiiiiir, ■^-^"■a-^iniii— ^—^■- ■•-^rnrttiBriiiHii IWIIH ill^llilT^llt>1flilii^ll^""^■^•^^'^ "T H'^-*' 
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-ie by 

'Z'L-OlLr^  c.irl rjolycster rosin iyDL-rJ-66S>'    A report 

Vcir.?^' ;;:jly;  and Siianons1    v/ci^ .ic^ue ed in 1953- 

lJ ij--^ ^ "-■ L-o       u o produce rupture rangod fror;: 19;0C0 to ^6^000 psi in tension 

The ultinato flexural end 12;000 to ^i^CCO psi in co-vnression at SO ? 

strengths ranged fro:;. 29,000 to 63;00O psi, coinpressive strength 11,000 

to 25;000 psi, and fiexural irodulus of elasticity 2.3 to 3.0 x  10 psi. 
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47. Conc-ic.cuT'.tion of the uae of materials othor than cc&cl for 

concrete reinforcing ij justified under the follo.;in3 conditions: 

e. '_'.■._ C.l"jcrnn'c?-Ve n;C.üerie.L3 nciv'e en;V—nesring properties 
o.-^-c nre öup^jr^or eo enoje 01 seeej,. 

b. The alternative nateriais are norc economical than steel. 

_c. The  alternative materials may be e:cpected to be more 
readily available than steel. 

«-.'o. It has bei-n noted that the consideration of glass rod and 

strip in Great Britain in 19^0 v;as based largely on the greater availa- 

bility of glasi ■rhen steel was in short supply and great demand. 

The application studied at that time does not nov appear sufficiently 

premising to merit further study. 

^9. The consideration of plastic-glass fiber materials as alterna- 

tives to steel in prestressed concrete appears to be Justified both from 

the standpoint of advantageous properties and economy. Plastic-glass 

fiber rods can be made available at approximately four times the cost per 

pound of steel; hovever,, since they ueigh between a third and a fourth 

.as much per unit volume as steel, and may be assumed to have approximately 

tvice the ultimate strength they may be regarded at least as potentially 

more economical. The advantageous engineering properties derive from the 

n.sile strength and lomer modulus of elasticity. Nevmark 

ages from these two factors are not 

1 -oC  o^ 

a-d s--1..-3-
/-/ nennt out t'-at th 

:ess. r. .../ ive, _..a J.O-.; specific gravity vould be an important 

~~j  - -•-.'  ^"-j  "PP-L-Cw-^icn^.. 

binshys ' suggest that to replace cold dra'./n steel wire 

O*  —^*r 

cr.e■'viuaruer OJ. c.e voiumc ^■na one-ci 

cuirca -Cr *)rustress":a con> 

nsi witn glass iicer, only aoout 

,;cnth cf the weight would be re- 

:c, and 00 replace ordinary reinforced con- 

creeo by p_a-~ic-g_ass fi^cr p.-ceore_ccd concrete the ouantity cf -lass 

rccuired "..'ou-^ cc 

,T.:.-e; 1 r- 

Ly .-l/i zo 'J per c( 

e:r..-^o-es the vie:: 

i/r.u cuj.n-j.oj u f mild steel. 

".eXw fe*.' years 

-r. steci •..■„_ be used for the presüressing of concrete, 

 .^1^1., .-..,.,..,nh,^ 
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.,.:ü   UJ.;   o_ OJ 

.■_^,,.^    w_     --.(..'     ^(JL..iI*j-C. J..-    *C^u..i.uo    —^J 

iialxy iii:ancca Dy 

prestreccir.s 

'very encourcnirj,"" 

:u.:^jcr c::' concrete tear.c prc-ctrc^sed '..-itla ^lasi 

structural use.    As soon as econoir:ic difficul- 

ties con so ovorcc..:e; both rods end ropes of gi^ss fibres...can be ex- 

occl "co enöcr into tne pre3'crossir.(j; lield. 1,1  M 

Ols^ai:^    no 

.lined in advor-ftft.   ;i"r 

"cno'c  one casj.c iciea 01 pros Grossing ■"—  uno 

.al foi'ces wliich act nen^nn-jntly,  are strictly 

I nave precisely defined conoecmenceG -- nernits 

LI advantage of "brittle" materials such as concrete,   stone. 

la cer.'.-mco vnncn "i "n   y.i-r- r*T. ~ cZ2.c3.j.ly unliratea quantities anc 

are cheap,   contrary to the "ductile" materials such as steel which 
o-i" ■-•.-%     O' OL.C-1 \^^, id enpensivo.    he refers to tne prestressmg 01 flasa oy therm •i-Vi.-.-".-^ i 

iprocesses and notes that thin-drawn glass fibers are beinr; studied as an 

active means of prestressins since they have a much higher ultimate strength 

:eei ana +1 the sane time much lighter. 
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forced ar 

The rcviev of avcila'Die inforKiation on rlasG for use in rein- 

.d presüroGced concrete presented in the forc^oinc paragraphs 

the follovins concluGions. 

a. The only present field of conGidorahle e:";2inocrir^ promise 
appears to be that conecrned with the ace of fiber-^lasß 
reinforeed plastic roar, as prestressinü oleracnts. 

b. The use of fiber-class reinforced plastic rods in pre- 
strassed concrete recuires additional study in several 
different aspects. Soriie of these relate entirely to the 
nature, stability, and interaction of the ingredients of 
the ^lass-fiber reinforced plastic and do not involve con- 
crete as such. Others relate to use in and interaction 
with concrete. 

c. The following appear to be critical to the successful 
enjineerinc application of glass-fiber reinforced plastic 
rods: 

(1) The glass fibers should be of scr.e desirable range of 
fiber diaaeter, fiber length, and composition in 
order to provide the- desired physical properties and 
stability. 

(2) The plastic should be of a type that provides the 
desired properties and stability. 

(5) The relative ar.ount of glass used in the plastic, its 
positioning :'n the plastic, and the node of fabrica- 
tion of the fiber glass-plastic system should be such 
as to develop the desired properties in the system. 

(h)    The glass-plastic syster. should be fabricated into 
structural units of appropriate shape. 

(5) The structural units should have appropriate combined 
properties bo;;: as such and as they interact with the 
concrete. 

tl. 

(5) 

' 1 

c, 

^^wa uj cr.gir*.ccr./.3 

^** > ^..- vw^.i c ^w/. ■»- -.. »r.c c^c.'igrounL uata at ..ar.c. 
tr.c cr.gin^v.-ring ^tud.ca cc^.plctcl, it voull :hcn wc 
:t-c:.blc; to --.cciTy the u^c of ,-la£3-l";bo . ^ ^ .- ^ creed 
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